Stimulation of secretion by muscarinic agonists in guinea pig parotid or pancreatic acini is accompanied by a translocation of protein kinase C (PKC) from the cytosol to the particulate fraction Biochem. J. 242, [749][750][751][752][753][754] and by a PKC-mediated phosphorylation of the ribosomal protein S6 [Padel and So$ ling (1985) Eur. J. Biochem. 151, 1-10]. In order to decide whether PKC is directly involved in the secretory process, the effect of down regulation of PKC by phorbol 12-myristate 13-acetate (PMA) was studied in primary cultured guinea pig parotid acinar cells. These cells secrete in response to carbachol and isoproterenol. Only the carbachol response is associated with an increase in cytosolic calcium. Carbachol plus isoproterenol lead to an over-additive stimulation of secretion, an effect which depends completely on the presence of external calcium. Down regulation of PKC by about 90 % did
INTRODUCTION
Secretion from exocrine glands can be stimulated by phorbol esters. In the case of the guinea pig exocrine pancreas, a phorbol ester alone can induce the same maximum rate of secretion as physiological stimuli [1] , and this effect does not seem to involve measurable changes in free calcium. In guinea pig parotid acinar cells, the phorbol ester phorbol 12-myristate 13-acetate (PMA) alone led only to a moderate stimulation of secretion, but potentiated the stimulatory effect of low concentrations of the calcium ionophore A23187 [2, 3] .
Stimulation of guinea pig parotid and pancreatic acinar cells with the muscarinic agonist carbachol was accompanied by a significant translocation of protein kinase C (PKC) activity from the cytosol to the membrane fraction [4] . This effect occurred within seconds in parotid acinar cells, but took almost 5 min to reach the maximum redistribution in pancreatic acinar cells [1] .
Furthermore, stimulation of guinea pig parotid gland lobules by carbachol led to a PKC-mediated phosphorylation of the ribosomal protein S6 [2] . Although these effects occurred in parallel with the stimulation of exocytosis, it remained unclear whether PKC is directly involved in exocytosis in exocrine cells or whether the distribution changes represent an epiphenomenon.
We report here on the effects of phorbol ester-mediated down regulation of PKC on stimulation of exocytosis by agonists involving either calcium\diacylglycerol or cAMP as messenger. † To whom all correspondence should be addressed.
not significantly affect carbachol-induced exocytosis, whereas isoproterenol-stimulated secretion was almost doubled. The secretory response to permeable cAMP analogues was also enhanced in PKC-down-regulated acini, indicating a post-receptor effect. The increased response to isoproterenol was also observed in the absence of external calcium. The isoproterenol effect was significantly inhibited by the relatively specific cAMPdependent protein kinase inhibitor H-89, which had only a minor effect on carbachol-induced exocytosis. Although down regulation of total PKC by up to 90 % did not significantly affect the secretory response to carbachol, RO 31-8220, a relatively specific inhibitor of PKC, abolished carbachol-induced secretion in normal as well as in PMA-down-regulated cells. This indicates that a PKC isoform resistant to down regulation by PMA is involved in carbachol-but not in cAMP-mediated secretion.
This required the establishment of functionally intact primary cultured parotid acinar cells. Down regulation of total PKC (enzymic activity and phorbol ester-binding capacity) by 90 % did not affect carbacholstimulated exocytosis. However, the observation that an inhibitor with relatively high specificity for PKC strongly inhibits carbachol-induced exocytosis in control and in phorbol estertreated cells indicates that a PMA-resistant isoform of PKC is directly involved in carbachol-induced exocytosis.
Phorbol ester treatment led to a significant enhancement of isoproterenol-induced secretion by a calcium-independent postreceptor mechanism. Moreover, experiments with the protein kinase inhibitor H-89 (N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulphonamide) indicate that activation of cAMPdependent protein kinase is required for the stimulation of exocytosis by β-adrenergic agents.
EXPERIMENTAL Materials
Male guinea pigs (220-270 g body weight) of the Pirbright White strain came from Winkelman (Dernbach, Germany). Eagle's minimal essential medium (MEM) was purchased from Life Technologies (Eggenstein, Germany), fura 2 acetoxymethyl ester (fura 2 AM) from Molecular Probes (Eugene, OR, U.S.A.), and the fura 2 data acquisition system from Luig & Neumann (Ratingen, Germany). H-89 came from Calbiochem (La Jolla, CA, U.S.A.). A 50 mM stock solution of H-89 was prepared in water and diluted with incubation buffer (see below) to the final concentration. The PKC inhibitor RO 31 8220 was kindly donated by Dr. G. Lawton (Roche, Welwyn Garden City, U.K.) ; KN-62 (1-[N,O-bis(isoquinolinesulphonyl)-N-methyl--tyrosyl]-4-phenylpiperazine) was a generous gift of Professor Hidaka (Nagoya, Japan) ; a 50 mM stock solution of these compounds was prepared in DMSO. Phorbol 12-myristate 13-acetate (PMA), 4α-phorbol 12,13-didecanoate (PDD) and A23189 were from Sigma (Munich, Germany). [$H]PDBu (phorbol 12,13-dibutyrate) came from Amersham-Buchler (Braunschweig, Germany), and PKC isozyme-specific antibodies from Gibco-BRL\Life Technologies (Eggenstein, Germany).
Preparation and culturing of guinea pig parotid acinar cells
Male guinea pigs (220-270 g body weight) of the Pirbright White strain, starved for 10 h, were anaesthetized with pentobarbital (60 mg\kg, intraperitoneally), and the parotid glands were removed aseptically. They were suspended in 37 mC warm KrebsRinger bicarbonate (KRB) containing 1.8 mM CaCl # , 0.81 mM MgSO % and 0.1 % (w\v) BSA. The glands were freed of fat, connective tissue, blood vessels and lymph nodes and were dissected under the stereo microscope into lobules. The lobules were further dissected with scissors and washed twice with KRB without additions. All further steps were carried out in a volume of 7.5 ml at 37 mC in siliconized 25 ml Erlenmeyer flasks and a shaking frequency of 80 rev.\min. Unless otherwise mentioned, washing steps were performed by centrifugation for 45 s at 100 g. The tissue fragments were subsequently incubated for 5 min in EGTA medium (120 mM NaCl\4.8 mM KCl\13 mM NaHCO $ \15.6 mM NaH # PO % \0.5 mM EGTA\5 mM (j)-glucose\50 mg\l DNase\50 mg\l soyabean trypsin inhibitor\10 mg\l Phenol Red, equilibrated with 2 % CO # \50 % O # \48 % air). After a washing step with KRB without added Ca# + \Mg# + , the fragments were incubated for 1 h in dispase II medium [Puck's salt solution to which 4.8 mg\ml (2.4 units\ml) of dispase II and 50 mg\l DNase had been added]. After another 5 min incubation with EGTA medium and a washing step with KRB containing 0.1 % BSA, the fragments were treated for 30 min with the digestion medium [Eagle's MEM with Earle's salts, containing in addition 13 mM NaHCO $ , 4 mM -glutamine, 1 mM sodium pyruvate, 1.2 mg\ml (684 units\ml) collagenase, 0.4 mg\ml (200 units\ml) hyaluronidase, 50 mg\l DNase, 400 mg\l soyabean trypsin inhibitor and 0.1 % BSA]. The cells were dissociated by passing them 5 times through a Pasteur pipette with an opening of about 1 mm diam. followed by filtration through a 50 mesh Nylon net under low vacuum. The cells were washed and resuspended in KRB with 0.1 % BSA and further dissociated by sucking and expelling them 10 times each through Pasteur pipettes with decreasing opening diameters of 0.8 mm, 0.6 mm, and 0.2 mm. The cells were filtered through a 34 mesh Nylon net followed by another washing step with KRB. For the removal of damaged cells, the cells were suspended in 3 ml of KRB, layered on top of 8 ml of 4 % BSA in KRB and spun for 4 min at 100 g. Only the vital cells were sedimented. They were subsequently washed twice with KRB without Ca# + \Mg# + , counted, and the cell viability was checked by Trypan Blue exclusion. The cells were suspended in culture medium to a density of about 10' cells\ml, and 0.9 ml of this suspension was added to each well (1.9 cm# surface) of an untreated Nunclon 24-well culture plate. The culture medium consisted of Eagle's MEM with Earle's salts, supplemented with 1 mM sodium pyruvate, 5 mM 3-hydroxybutyrate, 18 mg\l meso-inositol, 5 mg\l ascorbic acid, 5 mg\l glutathione (reduced), 5 mg\l transferrin, 100 i.u.\ml penicillin, 100 mg\l streptomycin and 10 % (v\v) foetal calf serum. The incubation was continued at 37 mC under 5 % CO # \95 % air and 98 % humidity [5] .
When the culture was performed in the presence of phorbol esters, PMA or PDD (dissolved in ethanol) was added when the cells were seeded. The final ethanol concentrations were 0.5 % (v\v).
Stimulation of cells
At the times indicated, the cultured cells were washed twice with ' stimulation medium ' [Eagle's MEM with Earle's salts supplemented with 13 mM NaHCO $ , 5 mM Hepes, 1 mM sodium pyruvate, 4 mM -glutamine, 5 mg\l ascorbic acid, 5 mg\l glutathione (reduced) and 0.5 % (w\v) BSA]. Unless otherwise mentioned, the cells in stimulation medium were stimulated by the addition of 10 µM (final concentration) carbachol or isoproterenol. Unless otherwise mentioned, stimulation was for 45 min.
Determination of PKC activity
Cells were washed twice with cold PBS (4 mC), scraped from the culture wells with a rubber policeman, suspended in Eppendorf tubes in 1-2 ml of homogenization medium [20 mM Tris\HCl\2.5 mM EGTA\2 mM EDTA\50 mM 2-mercaptoethanol\0.3 % (v\v) Triton X-100\4 mg\ml leupeptin\ 100 mg\ml aprotinin (final concentrations)], and shaken on an Eppendorf shaker for 30 min at 4 mC. After centrifugation for 30 min at 12 000 g, the pellet was discarded and an aliquot of the supernatant (corresponding to 1 mg of protein) was applied to a small DEAE-Sephacell column (0.1 ml bed volume) that had been equilibrated with buffer A (the same as homogenization medium except that EGTA and Triton X-100 were omitted). After a wash with 2 ml of buffer A, PKC was eluted with buffer A containing 75 mM KCl. Fractions of 0.25 ml were collected. Two PKC separations were performed from each cell extract. The first three fractions containing 90 % of total enzyme activity were combined and used for the determination of PKC activity with histone IIIS as substrate as previously described [4] .
Determination of [ 3 H]PDBu binding
Cells were washed with KRB containing Ca# + \Mg# + at room temperature, followed by a 20 min incubation in the same medium and another washing step with this medium. Then 0.4 ml of KRB with Ca# + \Mg# + was added, and after addition of [$H]PDBu (specific radioactivity 6000 d.p.m.\pmol, corresponding to a final concentration of 25 nM), phorbol ester binding was determined as described by Burgoyne et al. [6] . Non-specific binding was determined in the presence of 10 µM PMA.
Determination of free cellular calcium
Parotid acinar cells were cultured on 13 mm-diam. glass coverslips coated with poly--lysine, loaded with 2 µM fura 2 AM for 20 min at room temperature, washed and incubated at 37 mC for 10 min. They were transferred to a homemade glass-bottom chamber on the stage of a Zeiss EM35 microscope equipped with epifluorescence, a Nikon 40x objective and coupled to a fura 2 data acquisition system [7] . The excitation wavelengths were 360 and 390 nm respectively, and fluorescence emission was measured at 530 nm. The secretagogues were applied in the cell vicinity via a micropipette and an Eppendorf injector.
Other methods α-Amylase activity was determined according to Bernfeld [8] . Secreted α-amylase was determined in the culture supernatant after removal of loosened cells by centrifugation. Amylase secretion was related to total α-amylase activity, which was estimated by resuspending all cells in the culture supernatant, adding 2 mg\ml Lubrol-WX, vortexing the mixture for 1 min, and using an aliquot of this total homogenate for measurement of α-amylase activity. Secretion in the absence of a stimulus was always subtracted. It varied between the different experiments from 2.1 to 7.5 % of total amylase activity per 45 min. Protein was determined according to Bradford [9] using BSA as standard.
RESULTS

Secretory response of primary cultured guinea pig parotid acinar cells
After 12 h in primary culture, the cells showed a low basal secretion that in most experiments did not exceed 2 % of total amylase activity within 45 min. The dose dependency of secretion on the concentration of isoproterenol or carbachol is depicted in Figure 1 . The combined addition of carbachol and isoproterenol resulted in an overadditive enhancement of exocytosis ( Figure 1 ).
This effect clearly depended on the presence of extracellular calcium. When external calcium was omitted and 0.1 mM EGTA was added to the medium, the secretory response to a com-
Figure 1 Overadditive effect of carbachol (Carb) and isoproterenol (Isop) on amylase secretion
Amylase secretion was measured after 45 min of stimulation. Fixed (0-1 µM) concentrations of isoproterenol were added to various concentrations of carbachol. Insert, isoproterenol-induced amylase secretion. $, Measured secretion. , Theoretical (additive) curve obtained by adding the secretion induced by isoproterenol alone to the secretion induced by carbachol alone. Results are meanspS.D. from three independent experiments measured in duplicate. bination of carbachol and isoproterenol was almost the same as to isoproterenol alone ( Table 1) .
Effects of carbachol, isoproterenol and a combination of the two agonists on cellular free calcium
In the presence of external calcium, carbachol led to a rapid and sustained increase of cellular free calcium as determined by single-cell calcium measurements using fura 2 fluorescence (Figure 2) . In some cells, oscillations of free calcium became visible. Isoproterenol in concentrations of up to 100 µM, which led to a maximum stimulation of secretion, did not lead to a measurable change in free cellular calcium ( Figure 2 ) in 9 out of 11
Figure 2 Effect of carbachol and isoproterenol on intracellular calcium
Single-cell calcium measurement in parotid acinar cells in culture loaded with fura 2 AM were stimulated with either 10 µM carbachol (top) or 10 µM isoproterenol (bottom). The horizontal lines indicate the length of application of the secretagogue : c, carbachol ; i, isoproterenol. 
Table 3 Effect of long-term treatment with PMA on secretory response of cultivated guinea pig parotid acinar cells to isoproterenol, carbachol and cAMP
The effect of PMA on the secretory response to isoproterenol, carbachol or a combination of both is independent of external calcium ; PMA stimulates the secretory response to cAMP, both in the presence and in the absence of a cAMP phosphodiesterase inhibitor. The cells had been treated with 1 µM PMA or PDD for 12 h before stimulation of secretion. The concentrations used were as follows : 10 µM isoproterenol, 20 µM carbachol, 0.5 mM IBMX and 0.5 mM CPS-cAMP. The medium contained 2 mM CaCl 2 (' jCa 2 + '), or 0.1 mM EGTA but no added calcium (' kCa 2 + '). n.m., not measured. Results are meanspS.D. from four separate experiments with isoproterenol and carbachol, and three separate experiments with CPS-cAMP and IBMX, each experiment measured in duplicate.
Amylase secretion (% of total amylase activity) cell preparations. In 2 out of 11 cell preparations, a minority (around5 %) of the cells displayed an increase in intracellular calcium in answer to 10 µM isoproterenol. When carbachol was applied together with isoproterenol, the rise in intracellular calcium (450p80 nM ; maximum 630 nM) was similar to the one observed with carbachol alone (420p90 nM; maximum 630 nM).
Down regulation of PKC by PMA
In the presence of 100 nM PMA for 12 h, PKC activity dropped by 66 %, corresponding to a 74 % decrease in [$H]PDBu binding (Table 2) . When the concentration of PMA was raised to 10 µM, total PKC activity and [$H]PDBU binding dropped by almost 90 % (Table 2 ). In contrast, the biologically inactive phorbol ester PDD did not significantly affect total PKC activity or [$H]PDBU binding ( Table 2) .
Effects of PMA on stimulated secretion
Carbachol-stimulated secretion was not significantly changed by a 12 h of pretreatment of cells with PMA or PDD ( Table 2 ). This holds also for the higher concentration of PMA that led to an almost 90 % reduction of total PKC. Interestingly, both the low and the high concentrations of PMA led to a significantly increased secretory response to isoproterenol (Table 2) .
In order to find out whether the increased response to isoproterenol in PMA-treated cells represented a receptor or a post-receptor effect, we analysed the stimulation of secretion by 8-chlorophenylthio-cAMP (CPS-cAMP) in the presence and absence of the phosphodiesterase inhibitor IBMX (3-isobutyl-1-
Figure 3 Effect of H-89 on amylase secretion
Parotid acinar cells in primary culture were preincubated for 15 min in the presence of various concentrations of H-89, secretagogues were added, and secretion was measured after 45 min of stimulation. The results are expressed as percentage of control, control being the secretion measured in absence of H-89 for each secretagogue. Results are meanspS.D. from three independent experiments, each point measured in duplicate. Control values (as percentage of total amylase) were, respectively, 5.1p0.9 % for 20 µM carbachol (Carb), 10.8p0.6 % for 10 µM isoproterenol (Isop), 41.2p1.6 % for 10 µM Carbj20 µM Isop and 16.8p0.6 % for 500 µM IBMXj500 µM CPS-cAMP. methylxanthine) in PMA-treated and in control cells. While CPS-cAMP alone did not stimulate secretion, it induced secretion in the presence of IBMX. The stimulation of secretion by CPScAMP in PMA-pretreated cells was significantly higher than in PDD-treated control cells (Table 3 ). This indicates that the increased secretory response to isoproterenol in PMA-treated cells results from a post-receptor effect.
In accordance with McKinney [10] , we found also that an acute treatment with PMA enhanced the response to isoproterenol. However, after acute PMA treatment, the response to carbachol was also enhanced (Table 4) . Although we did not observe an increase in free cellular calcium in the presence of isoproterenol, and although our previous experiments with simultaneous application of extracellular and intracellular calcium chelators seem to rule out that isoproterenol-induced exocytosis involves an increase in cytosolic free calcium [5] , we considered the possibility that by sensitizing the cells for [Ca# + ] PMA might have contributed to the increased secretory response to isoproterenol. Therefore we have compared the secretory effect of isoproterenol, in the presence and absence of external free calcium, in PMA-down-regulated cells. The results show that PMA treatment for 12 h leads to an increased secretory response to isoproterenol in the absence of external free calcium also ( Table 3) . The acutely enhancing effect of PMA on isoproterenol-induced secretion was likewise observed in the absence of calcium (Table 4) .
Effect of the cAMP-dependent protein kinase inhibitor H-89 on secretion
It has been claimed that the secretory effect of β-agonists does not [11] , or only to a minor extent [12] , depend on the activation of a cAMP-dependent protein kinase and the resulting protein phosphorylation reaction(s). H-89 is a protein kinase inhibitor with a higher specificity for cAMP-dependent protein kinase(s) as compared with previously used protein kinase inhibitors such as, e.g., H-8. H-89 at a concentration of 50 µM led to an inhibition of 80 % or more of exocytosis in the presence of a maximally effective concentration of isoproterenol (10 µM) (Figures 3 and 4 ) irrespective of whether PKC had been down regulated by PMA treatment (Figure 4) or not (Figure 3) . The stimulation of exocytosis by carbachol, on the other hand, was much less affected by H-89 under these conditions (Figure 3) . Interestingly, the stimulated secretion observed in the combined presence of carbachol and isoproterenol was inhibited by H-89 to a similar extent as isoproterenol-stimulated secretion (Figure 3) . In most cases H-89 did not lead to a complete inhibition of isoproterenol-induced secretion. This can be explained by the fact that H-89 inhibits the catalytic subunit of cAMP-dependent protein kinase by competing with ATP for the ATP-binding site [13] . From the kinetic data reported previously [13] and the fact that the cytosolic concentration of ATP ranges somewhere between 3 and 8 mM, it is understandable that the inhibitor concentration used did not lead to a complete inhibition of cAMP-dependent protein kinase(s).
Effect of the CaMKII (Ca 2 + /calmodulin-dependent protein kinase II) inhibitor KN-62 and of the PKC inhibitor RO-31-8220 on secretion
In our hands we have not observed any effect of the CaMKII inhibitor KN-62 [14] on either carbachol-or isoproterenolinduced secretion in either control or PMA-down-regulated cells ( Figure 5 ).
RO 31-8220 has been described as a powerful and rather specific inhibitor of PKC activity [15] . We have, therefore, tested its effect on carbachol-induced secretion. RO 31-8220 inhibited carbachol-induced amylase secretion almost completely, while isoproterenol-induced secretion was not significantly affected ( Figure 5 ). This effect of RO 31-8220 was observed with control cells as well as in PMA-down-regulated cells ( Figure 5 ).
DISCUSSION
In order to study effects of down regulation of PKC activity in parotid acinar cells, the primary culturing system had to be established, as sufficient down regulation cannot be achieved over a time interval that is compatible with the preservation of secretory functions of parotid acini held in suspension. The primary culturing system used here permits studies on regulated secretion up to 20-24 h after seeding.
Similarly to freshly prepared guinea pig parotid lobules or acini, the cultured cells respond more strongly to isoproterenol than to carbachol. It has recently been proposed that β-agonists exert their secretory effect by mechanisms other than activation of cAMP-dependent protein kinase(s) [11] . Furthermore, it has been described that high concentrations of isoproterenol are able to increase intracellular free calcium in rat parotid gland acinar cells via an increase in myo-inositol 1,4,5-trisphosphate [16] . The data obtained now with H-89, a relatively specific inhibitor of cAMP-dependent protein kinase(s), support a direct participation of cAMP-dependent protein kinase(s) in the secretory effect of β-agonists. Furthermore, we could not observe an increase in free cytosolic calcium in the presence of maximum effective concentrations of isoproterenol. This is in agreement with previous results obtained with bulk calcium measurements using quin-2 as the calcium indicator [17] and with data presented by Yoshimura and Nezu [18] . Furthermore, we have shown recently that the simultaneous removal of external and internal calcium did not significantly affect the secretory action of isoproterenol [5] .
On the other hand, the overadditive secretory effect obtained in the presence of isoproterenol plus carbachol probably involves calcium, since in the absence of external calcium the secretory effect of both agents given together was not different from that obtained with isoproterenol alone. Moreover, McKinney et al. [19] have shown for rat parotid acinar cells that isoproterenol increased the calcium rise induced by carbachol.
Down regulation of PKC activity by 85-90 % after treatment with PMA did not significantly affect carbachol-stimulated secretion. This could either mean that PKC is not directly involved in carbachol-induced secretion or that the remaining PKC activity is sufficient to guarantee the normal secretory response to carbachol. Our results fit the second explanation, as inhibition of the remaining PKC activity with the relatively specific inhibitor RO 31-8220 abolished the secretory response to carbachol in control as well as in PMA-down-regulated cells. The most likely explanation would be that muscarinic stimulation of secretion involves the activity of a PKC isozyme that is resistant to the down regulation by PMA. In two preliminary experiments, we observed that the ζ isoform of PKC remained unchanged after down regulation of total PKC activity ( Figure  6 ). The ζ form belongs to the group of Ca# + -independent PKC isozymes. On the other hand, carbachol-induced secretion requires the presence of extracellular calcium. One could argue that the calcium-requiring step occurs after the PKC-sensitive step. If so, this step cannot be a step also used during β-adrenergic stimulation of exocytosis, as removal of external, and buffering of internal, calcium did not significantly affect the secretory response to isoproterenol [5] .
The mechanism by which PMA leads to an increased secretory response to isoproterenol remains to be elucidated. It is clear from our experiments that it must be a post-receptor effect, which is independent of the presence of extracellular calcium. Woon et al. [20] described a stimulating effect of PMA on RNA synthesis, but this effect lasted only for about 60 min, was not associated with an increased synthesis of amylase and was inhibited by staurosporin, which led the authors to the conclusion that the stimulation of RNA synthesis was PKC mediated. It is difficult at present to draw a connection from these observations to the increased secretory response to cAMP-mediated stimulation after long-term treatment with PMA.
